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ABSTRACT
Solar photovoltaic (PV) systems suffer substantial efficiency loss due to environmental and internal heating.
However, increasing the canopy height of these systems promotes surface heat transfer and boosts production.
This work represents the first wind tunnel experiments to explore this concept in terms of array flow behavior
and relative convective heat transfer, comparing model solar arrays of varied height arrangements - a nominal
height, extended height, and a staggered height configuration. Analyses of surface thermocouple data show
average Nusselt number (𝑁𝑢) to increase with array elevation, where panel convection at double height
improved up to 1.88 times that of the nominal case. This behavior is an effect of sub-array entrainment of
high velocity flow and panel interactions as evidenced through flow statistics and mean kinetic energy budgets
on particle image velocimetry (PIV) data. The staggered height arrangement encourages faster sub-panel flow
than in the nominal array. Despite sub-array blockage due to the lower panel interaction, heat shedding at
panel surfaces promotes improvements on 𝑁𝑢 over 1.3 times that of the nominal height case.

1. Introduction
As renewable energy sources increase in global prevalence, solar
photovoltaic (PV) collection is becoming a key contributor to installed
generation capacity [1]. In the U.S., the warm and sunny states of
California, Arizona and Texas contribute more than 50% of the nation’s utility-scale solar electricity generation [2]. High solar intensity
and increased ambient temperatures in these regions raise PV panel
temperatures, in turn reducing module efficiency [3–5]. Even modules
situated in more temperate climates like Colorado are at risk where
summer air temperatures of higher than 35 ◦ C can heat panels up to
60 ◦ C [6]. Common PV unit operating temperatures between 45 ◦ C and
65 ◦ C translate to 20 ◦ C and 40 ◦ C higher than their rated standard
test condition (STC) temperature of 25 ◦ C [7]. In this range, commonly
used silicon solar cells can lose efficiency up to 0.5% per degree above
STC and incur up to 12% in efficiency losses [5]. Many available active cooling methods induce higher convective heat transfer, including
fans/blowers and induced latent heat or phase change [e.g. 8–11]. But
all these solutions often require external power and resources such as
water, making passive cooling methods such as wind-driven convection
much more desirable.
Recently, PV farms have begun to incorporate mixed-use designs
with agricultural practices, where raised panels allow land below the

array to be used for grazing animals and crops which benefit from
the intermittent shade [12–14]. These ‘agrivoltaic’ sites encourage
greater module cooling due to natural evaporative interactions and
transpiration from the plants below, suggesting that these spaces might
also benefit from increased module height [15,16]. Studies show that
these such systems may actually assist the vegetation, where shade from
the modules limit light and over-heating. This effect in turn reduces the
amount of water removed from the plants, ultimately decreasing the
amount of irrigation needed [17,18].
Much like urban and vegetation canopies, flow within a solar PV
array interacts with the panels, trapping or diverting energy, and complicating the relation between heat transfer and the external passing
flow [19]. Approaching solar arrays as canopy flow is a relatively new
venture. Recent work by Stanislawski [20] discussed that panel arrangement has significant influence on convective heat transfer within
solar arrays, where LES simulations on a three-dimensional (3D) array found improvements on convective coefficient ℎ of 14.8% based
on array pattern. Other modifications such as tilt angle and inflow
direction introduce variations in panel surface cooling by modifying
wind-module interactions. For example, Glick et al. [21] observed
convective cooling increases between 30% and 45% when modules
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Fig. 1. Schematic of experimental facility and farm arrangement for nominal (NM) 𝐻 = 63.4 mm case as adapted from Glick et al. [21]. A span of 𝑆 = 1.4𝐻 from trailing edge
to trailing edge separates array rows.

were oriented −30◦ with respect to oncoming flow versus their +30◦
counterparts, increasing the volume of high velocity flow pulled into
the array. Such arrangements are common in operating PV systems
where wind orientation is highly varied, and in modern variable-tilt
systems which change inclination to optimize for sun position. These
variations, coupled with irregular wind direction, have consequences
on physical wind loading [22]. Thus, optimized design requires a balanced tradeoff between increased cooling, maximized solar incidence,
and possible increases in damage to module structures.
For PV units, the subject of forced convection on individual inclined
plates has been well-researched, including wind-forced convection on
heated plates [23,24], and both roof-mounted and free-standing panels [25–27]. Generally, the above studies aim to relate the convective
heat transfer coefficient ℎ of simple plates to minimal parameters such
as inflow velocity, plate geometry/arrangement, plate orientation, and
turbulent inflow conditions [23,24,27–30]. However, the plate-scale investigation is unable to fully describe the canopy-like flow observed for
full solar arrays, particularly when considering effects of module height
on module cooling [31,32]. Performing field experiments in largescale PV farms is difficult due to limited accessibility toward setting
thermal and velocity measurement devices, requiring sensor placement
in non-ideal locations [33]. Without precise surface temperatures, heat
transfer correlations become increasingly complex and difficult to apply
to real world sites [34,35]. Models created to overcome these limitations commonly simplify the system to correlations based on irradiance,
temperature, and wind speed [35]. Energy-based models aim to predict
surface temperature by estimating the more elusive quantities such
as radiation, but are inherently reliant on pre-defined and embedded
panel material properties [36]. These surface-level approaches help to
understand small-scale physics for individual PV panels, but zooming
out reveals a complex canopy whose physics vary with the placement
of objects within.
The present work approaches industrial solar farm design from
a uniquely interdisciplinary context. While previous works explored
configurations changes such as inclination and spacing, this study is
understood by the authors to be the first work investigating sub-panel
flow energetically and relative convection benefits based on altered
PV array height. Blending heat transfer theory and energetic fluid
mechanics, this new perspective on PV convection research investigates
the role of solar panel elevation on module cooling from the viewpoint
of full-farm energetic flow interactions. In this work, we identify and
discuss the physical phenomena responsible for PV panel cooling as it
pertains to wind interaction throughout solar farm canopies. A scaled
model of an operating solar farm was modified to represent three panel
height configurations: all modules set to a nominal mount height (NM),
all high mounting (HM), and a staggered arrangement (SM) alternating
NM and HM throughout. Our multifaceted approach to examining these

spaces will pave the way for more efficient farm designs, tailored
to unique spatial, agricultural, and environmental constraints with
minimal added cost in terms of farm construction.
Expanding analysis beyond the panel surface, we capture differences
in turbulent flow behavior within and around the farm using particle image velocimetry (PIV). This unique vantage point of sub-array
mechanics reveals that panel height dictates flow field physics and
heat shedding as discussed in terms of mean flow statistics. Quadrant
analysis shows that turbulent heat shedding aligns with sweep and
ejection events for the shortest and tallest arrangements (NM and
HM). Connecting these quantities to the mean kinetic energy (MKE)
budget completes the link between heat transfer and flow effects,
providing a rare understanding of the primary mechanisms responsible
for augmented panel cooling with increased array height. Our work
thus highlights the cooling benefit of increasing panel height while
introducing new analysis methods and insights for large-scale solar
farm canopies. Following this advanced framework, future and current
PV arrays can be better assessed in terms of heat transfer and flow-panel
interactions, ultimately enhancing farm efficiency.
2. Materials and methods
Experiments were conducted in the Portland State University wind
tunnel, measuring thermal variation at the PV solar panel as well
as measuring the velocity components of the flow (Fig. 1). The test
facility is a closed-circuit wind tunnel featuring an active grid at the
test-section entrance, followed by vertical strakes, with variable size
chains positioned as surface roughness elements to induce scaled atmospheric boundary layer flow as described in Glick et al. [21]. Maximum
blockage in the 0.8 m × 1.2 m cross-section was calculated from the
staggered array configuration (SM) at 4.3%.
The considered model solar farm was distributed in 10 rows and
4 columns as shown in Fig. 2(a). Panel geometry, array configuration,
and energy conditions approximate the solar farm at the Denver Federal
Center (DFC). The panel length (𝐿), and thickness (𝑡ℎ) were scaled at
a ratio of 1:33 to the type of module used at DFC (𝐿 = 50.8 mm;
𝑡ℎ = 5.3 mm), and set to a 30◦ angle of attack. The model array spanned
a majority of the tunnel width, with each panel column width set to
𝑊 = 254 mm. Schematic for a single module construction is shown as
a cross-section in Fig. 2(b). Height at the trailing edge, 𝐻, for nominal
cases is 63.4 mm. For this study, three different configurations were
designed and tested at varied inflow and power conditions. Shown in
Fig. 3, the three arrangements were the nominal mount (NM) case with
the upper, or trailing edge, height of 𝐻𝑁𝑀 = 𝐻, the high mount (HM)
case with a trailing edge height of 𝐻𝐻𝑀 = 1.6𝐻, and the staggered
mount configuration featuring alternating trailing edge heights of 𝐻𝑁𝑀
and 𝐻𝐻𝑀 . The streamwise spacing between panel rows (𝑆) remained
2
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Fig. 2. Array model detail: (a) Full wind tunnel array (top-view); (b) Panel construction (side-view); (c) Thermocouple placement at 8th row panel. Images (b) and (c) adapted
from Glick et al. [37].

Fig. 3. Configurations tested. Nominal (NM) and High (HM) trailing edge (TE) heights are 𝐻𝑁𝑀 = 𝐻 and 𝐻𝐻𝑀 = 1.6𝐻, respectively, with Staggered (SM) alternating. Panel colors
are set to match profile plots.
Table 1
Variable test matrix of inflow and array settings used in experiments. Reynolds number
𝑅𝑒𝐿 is based on module length (𝑅𝑒𝐿 = 𝑈∞ 𝐿∕𝜈𝑘 ).

consistent at 1.4𝐻𝑁𝑀 for all cases. Spacing for the SM array is evenly
distributed here to simplify analysis to height effects. However, spacing
for an operational SM array would be optimized to prohibit shading on
lower panels, increasing the distance behind taller rows.
Temperature measurements were taken with thermocouples embedded below the panel surfaces beginning at the 8th row to ensure
fully-developed flow states. In the SM case, thermal data were averaged
over the 8th and 9th row to encompass both tall and short panel
effects, respectively. The panel in row 8 was outfitted with 12 Type
𝑇 thermocouples: 8 in the front, upward-facing surface and 4 in the
rear. Red ‘x’ locations in Fig. 2(c) show relative positioning projected on
both surfaces. Each sensor is secured with thermally conductive silicon
in a channel of 0.79 mm diameter at a depth of 6.4 mm as illustrated
in Fig. 2(b). The 9th row panel was equipped with a thermocouple
on each the front and rear surfaces. An ice-point reference was used
to mitigate incidental thermal migration. In all cases, thermal data
represent calculations based on averaged values from the 12 surface
thermocouples over 5-minute intervals at 30-second increments. Velocity measurements were taken via particle image velocimetry (PIV)
between the 8th and 9th panels for NM and HM, as described in Glick
et al. [31], and centered on the 9th row for SM. The two-dimension,
two-coordinate (2D-2C) system captured data at a resolution of approximately 0.9 mm. Because the measurements rely on a laser sheet
projected from above that contacts the physical structures in the flow,
some of the domain is subject to shadow and reflection. The vectors
reported represent those viable for consideration. All arrangements
were tested at different Reynolds number (𝑅𝑒𝐿 = 𝑈∞ 𝐿∕𝜈𝑘 ) and input
heating power, see Table 1. Free stream velocity 𝑈∞ was captured
from a pitot tube at a height of 0.4 m, located directly behind the
last row of panels. The present discussion is simplified to consider two
inflow velocities of 𝑈∞ ≈ 1 m/s and 4 m/s, representing low and midrange wind velocities as found in an open environment such as central

𝑅𝑒𝐿

𝑈∞ (m/s)

Power (W/m2 )

Array height

3200

0.9

450

NM = 𝐻

13 000

3.9

1050

HM = 1.6𝐻
SM = 𝐻 and 1.6𝐻

Arizona [38]. Kinematic viscosity 𝜈𝑘 is defined based on tabulated
values for air at free stream temperature 𝑇∞ taken at the pitot tube
location [39]. For more details regarding the tunnel, measurements,
and data, the reader is referred to Glick et al. [21,31,37].
3. Results
Thermal and aerodynamic results are presented herein. The thermal analysis characterizes convection via the Nusselt number, 𝑁𝑢,
emphasizing the effects of array height variation. Furthermore, the
aerodynamic analysis of the velocity field presents how the solar PV
structures influence the flow, specifically the mean and fluctuating
components of velocity. The coupling of flow field velocities and expelled heat from the panel is investigated to quantify the factors
that affect velocity deficits and in turn heat transfer near the panel
surfaces. Lastly, we discuss the mean kinetic energy budget around the
panels, quantifying the physical flow mechanisms responsible for panel
heat-shedding.
3.1. Thermal results
The Nusselt number describes the convective heat response in comparison to conduction within a moving fluid, and is highly relevant for
3
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Fig. 4. Nusselt number as a function of normalized area, 𝐴∗ . Two mean values of 𝑅𝑒𝐿 are included along with two sub-groupings of power inputs.

panel cooling as it considers changes to the thermal properties of the air
surrounding the panels. The relative impact of 𝑅𝑒 and the power input
on 𝑁𝑢 is presented in Fig. 4. Included is the Nusselt number based on
respective canopy height 𝐻𝑥𝑀 (𝑁𝑢 = ℎ𝐻𝑥𝑀 ∕𝑘), plotted as a function
of the normalized sub-panel area 𝐴∗ = 𝐴∕𝐴0 . Sub-panel area 𝐴∗ is
defined as the open space present below a PV module as observed from
the side-view projection of an array row. The normalization area 𝐴0 is
the sub-panel area of NM configuration. Thermal conductivity for air
was obtained from empirical tables at 𝑇∞ . The convective heat transfer
coefficient ℎ was calculated from surface temperature data, acquired
from the thermocouples embedded in the panel surfaces. Since thermal
data were taken from the front and rear surfaces, an overall convective
heat transfer coefficient
as in Incropera et al. [39]
( ℎ was calculated
)
from the two as ℎ = 1∕

1
ℎ𝑓 𝑟𝑜𝑛𝑡

+

1
ℎ𝑟𝑒𝑎𝑟

that of the free stream velocity. Above the panels, a boundary layer
is developed and near free stream velocities are reached within the
interrogation area. The most complex region lies within the panel
array where recirculation occurs following the top tip of the panel. In
this region, velocity becomes negative (outlined by the white dashed
boundary), reaching a magnitude of 5% of 𝑈∞ , in a counterclockwise
rotation. The shape of the recirculation zone indicates that flow moves
up the panels and therefore the flow recovery is non uniform above the
panels. The draft of the fluid off the panels and the pressure differential
experienced behind the panels cause an arcing of the contour lines,
indication that the wake spreads behind the panels. Since air flow
contributes greatly to the convective heat transfer, the front surface is
expected to cool more efficiently than the recirculating wake region
behind the panel. Uniform gradients of the 𝑈 ∕𝑈∞ are recovered by
𝑦∕𝐻 ∼ 1.5.
Similar tendencies are observed for the SM array in Fig. 5 (topmiddle). The sub-panel velocities are similar in magnitude however
the staggered panel heights encourage slower speeds that tend to keep
the warmer panel air from moving significantly far from the panels.
The wake expansion for the SM array is more prominent than what is
observed for NM panels, creating a disparity in heat transfer between
the high and the low panels in the array. The HM array provides
better cooling due to increased wind speeds below the panel array
approaching 𝑈 ∕𝑈∞ = 65%. Furthermore the deficit region within the
panels is less pronounced. The HM array provides increased 𝑁𝑢 values,
as observed in Fig. 4 due to the increased heat-shedding velocities along
both the front and rear surfaces of the panels.
Time-averaged wall-normal velocities presented in Fig. 5 (bottom
row), provide additional insight into heat transfer mechanisms. The
𝑉 ∕𝑈∞ values for NM and HM demonstrate the majority of the flow
is upwards and that downwash occurs from the leading edge and
coincides with the front of the array. From the wall, where 𝑉 = 0,
flow is quickly positive, drawing the fluid into the recirculation region
where 𝑉 and 𝑈 are similar in their magnitude in comparison to free
stream velocity, 𝑈∞ .
At the trailing edge of the NM array panels, a pocket of down-ward
flow is present within the wake of the panel, suggesting some pushing
of outer flow into the array. The flow then transitions into positive vertical motion as it nears the surface of the following panel. The HM array
shows similar trends with slightly increased local velocities, suggesting
stronger fluid-to-panel interactions than with the NM case. High levels
of vertical flow are observed above the short panels for the SM array.
Increased mixing of the fluid is obtained by alternating positive and
negative wall-normal velocities as the streamwise fluid weaves between
the panels. However, the primarily negative (downward) flow above
the shorter panel suggests the flow within this region is kept near to
the panels rather than evacuating heat into the outer flow.

. For each 𝑅𝑒𝐿 and area, 𝐴∗ , the

mean 𝑁𝑢 is provided for comparison. Error bars are presented for the
mean values based on uncertainty analysis in Glick et al. [31].
A dependence of the Nusselt number on 𝑅𝑒 is observed and expected, based on the advecting flow, 𝑈∞ . Although less pronounced, a
small dependence is also observed based on the power input, signifying
that the overall heat transfer and aerodynamic properties should scale
with irradiance conditions. Note that power levels of 450 W/m2 and
1050 W/m2 correspond to an irradiance of 43% and 105% of STC
rating, respectively.
The notable dependence of 𝑁𝑢 is observed as a function of sub-panel
area, with 𝑁𝑢𝐻𝐻𝑀 improving more than 1.88 times that of 𝑁𝑢𝐻𝑁𝑀 as
𝐴∗ increases from 1 to 1.75. For SM, the more minimal gain of 1.21
times that of 𝑁𝑢𝐻𝑁𝑀 suggests that the increase in 𝑁𝑢𝐻𝑥𝑀 is primarily a
function of canopy height rather than improved convection in the staggered case. This is largely expected to be a consequence of the blocking
of sub-array flow by the lower panels, and is further discussed in the
following sections where we discuss fluid flow effects. For 𝑅𝑒 = 3200,
the change in thermal properties corresponds to a maximum surface
temperature decrease of 4.4 ◦ C, and based on literature, corresponds
to a gain in power output ranging between 0.5% and 2.25% [40] with
lifespan increases of up to 45% at panel temperatures of ∼ 60◦ [41].
3.2. Mean flow field statistics
Mean flow statistics, as presented in Fig. 5, highlight the contribution of faster sub-panel flow to the increased convection seen in
Section 3.1. The three considered array configurations, NM, SM and
HM correspond, respectively, to the left, center and right columns.
The nominal mount (NM) array presents three layers of the flow;
an inner layer below the array, an outer layer above the panels and
a deficit region which shows heavy blockage by the panels within
the array. The velocity magnitude in the inner layer reaches ∼30%
4
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Fig. 5. Normalized mean velocity contours 𝑈 ∕𝑈∞ and 𝑉 ∕𝑈∞ for the three height configurations. The space is normalized by canopy height 𝐻, gray bars mark panel location
within the domain, and re-circulation regions are outlined by white dashed lines.

2 at the three height configurations (𝑅𝑒 = 6900). Flow from left. Domain normalized by canopy height 𝐻 in both
Fig. 6. Normalized Reynolds shear stress contours for −𝑢′ 𝑣′ ∕𝑈∞
directions.

larger wake region provoke less efficiency in terms of moving the fluid
and evacuating heat from the panel surface. The higher momentum
entrainment above the array is more effective for removing heat from
the taller panel surfaces than for the lower panels. It is possible that
raising the entire array to allow for more fast-moving flow below the
lower panels, or increasing the spacing behind the taller panels as
done in industry, would improve the exchange of momentum across all
panels withing the farm. For the HM array, intensified magnitudes of
2 are concentrated just above the array and at the panel lower
−𝑢′ 𝑣′ ∕𝑈∞
edge, highlighting the turbulent mixing responsible for superior heat
transfer among the three cases.
For canopy flow, −𝑢′ 𝑣′ signifies local turbulent mixing due to flow
interaction with a given body [42]. The sign of which indicates the
direction of this momentum exchange. For example, the negative (red)
regions in the shear stress contours of Fig. 6 imply that vertical and
streamwise fluctuations share the same sign (e.g. 𝑢′ > 0, 𝑣′ > 0), a
positive (gray) value denotes opposing signs, and the white separation indicates the region of near-zero velocity fluctuations. Viewing

3.3. Turbulence flow field characteristics
As a primary driver in forced convection, turbulent mixing enhances heat transfer by thinning the panel surface boundary layer
and increasing thermal shedding. Contours in Fig. 6 represent local
2 , where the
turbulent mixing through Reynolds shear stress −𝑢′ 𝑣′ ∕𝑈∞
prime symbol represents fluctuations of instantaneous velocity 𝑢 about
the mean velocity (𝑢′ = 𝑢 − 𝑈 ) and an overline denotes averaging in
time.
For the NM case, the lower panel edge and the upper trailing
edge are the most affected locations, where shearing is induced upon
impact with the panel and at the top of the wake. More extreme values
enclosing panel surfaces for the HM configuration represent the higher
momentum exchange and turbulent mixing contributing to increased
heat transfer. However, the shearing region near the SM shorter panel
surface encompasses more space around the panels, with lower magnitudes along the panel surfaces than NM or HM. Along with the
results seen in Fig. 5, this suggests that the slower sub-array flow and
5
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Fig. 7. Quadrant analysis explained and applied: (a) Quadrant descriptions for Reynolds shear stress 𝑢′ 𝑣′ ; (b) Comparative quadrants 𝑄4 − 𝑄2 (top) and 𝑄3 − 𝑄1 (bottom) for NM
(left) and HM array cases (right).

momentum this way is historically discussed in terms of quadrant
analysis [43,44]. In this method, the quantity of 𝑢′ 𝑣′ is classified into
four unique flow events based on the sign of the fluctuating quantities
as shown in Fig. 7(a).
For boundary layer flow, events in Quadrants 2 (𝑄2 ) and 4 (𝑄4 )
are regarded as ejections and sweeps, respectively, while Quadrants 1
(𝑄1 ) and 3 (𝑄3 ) represent outward and inward interactions [45]. For
example, regions where 𝑣′ is positive (𝑄1 and 𝑄2 ) represent an upward
expulsion from the canopy, and a negative 𝑣′ denotes downward flow.
Generally for canopy flow, sweeps and ejections are most prevalent in
high momentum transport regions, where sweeps are most dominant
within and just above the canopy [43]. Fig. 7(b) compares these events
for the NM and HM cases, where the top row represents the difference
between sweeps and ejections (𝑄4 − 𝑄2 ) and the lower row compares
inward versus outer interactions. Since 𝑄4 and 𝑄2 are inherently negative quantities, regions where 𝑄4 − 𝑄2 < 0 represent sweep dominance
and 𝑄4 − 𝑄2 > 0 represent ejection dominance. Similarly for 𝑄3 − 𝑄1 , a
positive value denotes dominance of inward events while 𝑄3 − 𝑄1 < 0
points to more outward interactions. For NM, sweeps are most prevalent near the panel surface, and inward interactions are visible just
after the panel trailing edge. Yet, the relatively moderate magnitudes
compared to HM throughout the visible contour plane suggest that
these events contribute less individually to convective mixing than
in the higher panel case. For HM, sweeps significantly dominate for
a majority of the region beneath the panels, while ejections at the
panel surfaces are visible just under canopy height. The dominance
of sweep events within the solar farm resembles behavior of urban
and vegetative canopy flows such as forests and crop fields [43,46].
However, the ejection events present below the panel height highlight
unique flow-altering characteristics of PV array geometries versus other
canopy types [47,48]. For example, heat-shedding flow within an urban
canopy is limited by the ground-to-canopy-top bluff building structures,
whereas a PV array benefits from flow beneath the panel structures
as well [31,42]. These varied interaction types are properties that also
separate sparse from dense canopies, where the energetic flow behavior
differs based on body-flow interaction [49].

From this perspective, the mean kinetic energy (MKE) highlights the
mechanisms responsible for increasing/decreasing panel convection.
The mean kinetic energy 𝐾 = 1∕2𝑈𝑖2 , equation can be written as
𝑈𝑗

𝜕𝑈
𝜕𝐾
𝜕 ′ ′
=−
(𝑢 𝑢 𝑈 ) + (𝑢′𝑖 𝑢′𝑗 ) 𝑖 .
𝜕𝑥𝑗
𝜕𝑥𝑗 𝑖 𝑗 𝑖
𝜕𝑥𝑗

(3.1)

The subscripts 𝑖 and 𝑗 denote tensor notation and refer to streamwise
and wall-normal directions when applied to either domain (𝑥, 𝑦) or
velocities (𝑢, 𝑣). Since the flow field being considered is sufficiently
far from any surfaces, the MKE viscous dissipation term is considered
negligible. The physical meaning of each term can be discussed in
𝜕𝐾
general fashion. The inertial term (𝑀 = 𝑈𝑗 𝜕𝑥
) describes the advec𝑗

tion of mean kinetic energy by the wind. The transport term (𝑀 =
𝜕
(𝑢′𝑖 𝑢′𝑗 𝑈𝑖 )) describes the flux due to turbulent stresses. The production
𝜕𝑥
𝑗

𝜕𝑈

term ( = (𝑢′𝑖 𝑢′𝑗 ) 𝜕𝑥 𝑖 ) describes energy transferred from mean velocity
𝑗
to the turbulence.
Fig. 8 shows normalized horizontally-averaged values of the MKE
terms of the energy budget for the NM and HM array configurations.
The vertical 𝑦 locations are normalized by the height of the lower
panel edge of the nominal array (e.g. 𝐵∗,𝑁𝑀 = 𝐵𝑁𝑀 ) to allow ease
of comparison relative to the panel region. The general shape of the
MKE budget profiles is similar between the NM and HM arrays, and
mimics the behavior seen for Reynolds shear stress in Fig. 6, with
HM values being larger than those of the NM array. This result is
due to a decrease in flow blockage between the panel rows when
the height is doubled, leading to increased flow especially underneath
the panels. In both cases, the major terms are production and energy
transport. The advection term is marginal for the NM case as a result
of more flow homogeneity. Interestingly, the greatest advection term is
found at the lower panel edge. The panels enhance the flow circulation
and induce flow heterogeneity. For the mean production term, the
greatest of these losses is also at the lower edge in both arrays. For
the mean transport term, the negative values above and below the
array indicate MKE being entrained into the panel region, with notably
greater contributions coming from the inner region in the HM array.
The magnitudes for the HM array are about twice those of the nominal
array, highlighting the root of augmented heat transfer shown in the
𝑁𝑢 values (Fig. 4). This implies that the disparity between the arrays
is due to a significant boost in momentum from below the panels, which
also aligns with the dominant sweep events from Fig. 7, shedding heat
from the rear surfaces.

3.4. Mean kinetic energy budgets
The nature of the flow within a solar farm can be directly described
in terms of an energy balance, where the system is discussed separately in terms of inertia, energy produced, and energy transferred.
6
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Fig. 8. Vertical profiles of term contributions to mean kinetic energy - Left: Transport (𝑀 ), Middle: Production (𝑀 ), and Right: Inertial (𝑀 ) - for NM and HM configurations
(teal and orange respectively).

4. Conclusions

example, the simplified parameters herein – i.e. fixed-tilt modules under
constant, uni-directional, and non-zero wind flow – represent a small
subset of conditions from which more exhaustive studies would benefit
by branching beyond. Furthermore, any solution for new or operating
PV designs must consider relative costs of module manufacturing,
installation and ongoing maintenance. Whether the increased energy
output due to plant changes, such as module height, outweigh these
costs must be examined through techno-economic framework to fully
gauge functional feasibility.

Solar farm cooling in forced convection is enhanced by panel height
and the resulting entrainment of high energy flow within the array.
For a given inflow velocity, the high mount (HM) panels produced
improvements on 𝑁𝑢𝐻𝑥𝑀 over 1.88 times that of the nominal case (NM)
due to increased sub-panel space encouraging higher velocity flow
under the array while benefiting from increased turbulent mixing above
the panels. For each configuration, re-circulation downstream of the
panels inhibits convection from the panel rear surface, but increased
array height allows for fast-moving sub-array flow to be pulled upward
to aid with convection. Due to wind-panel interaction, the region is
separated into a sub-array flow layer, a deficit-producing region due
to panel blockage, and ultimately an above-panel outer layer. In the
staggered (SM) height array, undulation of the outer, cooler, highmomentum flow entering the upper part of the array increases cooling
for the taller panel surfaces, but the induced blockage, slower sub-panel
velocities and re-circulation within the canopy keep the warmer air
nearer to the panels. It is assumed that raising the lower panels, or the
entire array, may allow for faster flow to interact with the panels and
remove more heat from the surface.
Mean kinetic energy (MKE) and quadrant analysis of the two extreme height cases, NM and HM, highlight the enhancing role of energy
exchange in heat transfer. Overall, MKE term magnitudes for the HM
array are nearly twice greater than for NM due to reduced panel
interaction and faster sub-panel flow. Advection plays a minor role
in terms of the MKE budget for both cases, likely due to the more
homogeneous flow compared to SM. However, peaks in advection at
the panel leading edge speak to the introduction of heterogeneity due
to module presence. Energy loss shown through the production term
is greatest at panel leading edges, while transport indicates energy
entrainment toward the panels from higher velocity flow.
Collectively, the presented work offers an energetic perspective
on solar array height changes and their effect on forced convection
within large-scale PV plants. Considering the complicated and varied
environments these systems inhabit, the discussed results motivate
future investigation in balancing configuration-induced production increases and complicated coupling effects of operating plants such as
force loading, unsteady or absent winds, and variable-tilt systems. For
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